Objective: To determine the stability and functional significance of blood-brain barrier (BBB) integrity in patients with mild to moderate Alzheimer disease (AD). Methods: Thirty-six patients (mean age 71 Ϯ 7 years) with mild to moderate AD (Mini-Mental State Examination [MMSE] 19 Ϯ 5) participated in a biomarker study involving clinical assessments, brain imaging, and CSF and plasma collection over 1 year. BBB integrity was assessed with the CSF-albumin index (CSF-AI). Results: BBB disruption was present in an important subgroup of patients (n ϭ 8/36, 22%) at all time points measured. CSF-AI was highly reproducible over 1 year with an intraclass correlation of 0.96. Age, sex, and APOE status did not correlate with CSF-AI. Vascular factors (blood pressure, Hachinski ischemia score, MR-derived white matter hyperintensity, body mass index) were not strongly associated with CSF-AI levels (p ϭ 0.066). CSF/plasma IgG ratio correlated with CSF-AI in a manner indicating that peripheral IgG has greater access to the CNS in patients with an impaired BBB. Further evidence for the physiologic significance of the CSF-AI was noted in the form of correlations with rates of disease progression, including annual change on MMSE (r 2 ϭ 0.11, p ϭ 0.023), annual Clinical Dementia Rating sum-of-boxes change (r 2 ϭ 0.29, p ϭ 0.001), and annual ventricular volume change (r 2 ϭ 0.17, p ϭ 0.007). Conclusions: Blood-brain barrier (BBB) impairment is a stable characteristic over 1 year and present in an important subgroup of patients with Alzheimer disease. Age, gender, APOE status, vascular risk factors, and baseline Mini-Mental State Examination score did not explain the variability in BBB integrity. A role for BBB impairment as a modifier of disease progression is suggested by correlations between CSF-albumin index and measures of disease progression over 1 year.
The pathophysiology of Alzheimer disease (AD) remains incompletely understood, although the "amyloid cascade hypothesis" forms the basis of much research, much literature, and many clinical trials. 1, 2 One hypothesis considered previously was the notion that blood-brain barrier (BBB) impairment might play an important role in the pathogenesis of AD. 3 However, clinical investigations in this area suggested that BBB impairment was associated more with cerebrovascular disease than with AD, 4 and the notion that BBB dysfunction is physiologically important in AD has fallen out of favor. However, the recent interest in immunotherapy for AD 5 provides one reason to re-evaluate the BBB issue, as the intact BBB is a potential barrier to effective therapy with anti-amyloid immunoglobulin. At the same time, a dysfunctional BBB may represent a risk factor for immune-mediated toxicity including autoimmune encephalitis, which was seen in 6% of AD patients receiving active immunization against ␤-amyloid. 6 Another reason to revisit the role of the BBB in AD is the incomplete current understanding of AD pathogenesis, specifically the variability in rate of disease progression. We consequently included CSF-albumin index (CSF-AI) in a series of AD patients participating in a longitudinal biomarker study and examined the stability and functional significance of this index of BBB integrity.
METHODS We analyzed the relationships between biochemical markers of BBB integrity, clinical risk factors, CNS IgG synthesis, APOE genotype, MR-derived white matter hyperintensities (WMH), and volume changes over 1 year in 36 patients with mild to moderate AD to determine the stability and functional significance of the BBB.
Study participants. The subject population for this longitu-
dinal biomarker study comprised patients in the NIA-Layton Aging and Alzheimer's Disease Center of Oregon Health and Science University with a diagnosis of probable AD. Participants were diagnosed with probable AD by National Institute of Neurological and Communicative Disorders and Stroke/ Alzheimer's Disease and Related Disorders Association criteria 7 and Clinical Dementia Rating of 0.5 or 1 establishing mild to moderate AD. All patients from the biomarker study with biochemical and quantifiable MRI data were included, yielding 36 patients with mild to moderate probable AD. All participants provided informed consent in accord with the Institutional Review Board for human study at Oregon Health and Science University.
Data collection. Thirty-six patients (12 women; mean age 71 Ϯ 7 years) were assessed at baseline and 3 and 12 months. Clinical evaluation included medical history, physical exam, Mini-Mental State Examination (MMSE), 8 Clinical Dementia Rating (CDR), 9 Hachinski ischemia score, 10 Geriatric Depression Scale, 11 and lumbar CSF and blood analysis. MRI was performed at baseline and 12 months.
MRI acquisition and analysis. MRI was performed with a 1.5 T scanner using methods as described previously. 12 Hippocampus, temporal lobe, total brain, WMH, and total intracranial and ventricle volumes were measured in cubic centimeters at baseline and 1 year. Annualized rates of atrophy were calculated by dividing the difference in volume by the time elapsed between images.
Biochemical assays. Lumbar punctures were performed in the morning under standardized conditions at L3 to L4 or L4 to L5 interspace, immediately aliquoted, and snap frozen at Ϫ70°C until assayed, at which point samples had normal cell count and glucose levels. Blood samples collected at the same visit as lumbar puncture were analyzed with the CSF to quantify albu- min and IgG antibody ratios. 13 CSF-albumin and IgG index were calculated as previously described. 14 Genotyping of APOE isoforms was determined by methods also described elsewhere. 15 All biochemical and genetic analyses were performed and the results recorded without knowledge of patients' clinical or MR-derived information.
Statistical methods. An intraclass correlation coefficient from a random effects analysis-of-variance was used to determine the reliability of CSF-AI measurements over 1 year. Linear regression models were used to test for associations between baseline CSF-AI and clinical, biochemical, and imaging measures within the entire sample. All analyses were adjusted for age. Two-sample t tests were used to assess whether average rates of change in CDR sum of boxes (SOB), MMSE, and ventricular volume differed between those with an intact BBB (CSF-AI Ͻ 9.0) vs patients with BBB impairment (CSF-AI Ն 9.0). Linear regression was used to assess whether baseline CSF-AI was associated with the rate of change in clinical, biochemical, and imaging measures after adjusting for baseline of each. SPSS (v. 15; Chicago, IL, 2006) was used for all analyses.
RESULTS
Subject characteristics are summarized in the table.
Stability of CSF-albumin index (CSF-AI). CSF-AI is highly reproducible over 1 year with an intraclass correlation of 0.96 where Ͼ0.75 indicates excellent reproducibility. 16 Figure 1A illustrates the withinpatient stability of the CSF-AI on repeated measures at baseline, 3, and 12 months. The reproducibility of the CSF-AI diminishes the possibility that these results are driven by contamination of CSF by blood during traumatic taps. The CSF-AI was elevated above the accepted upper limit of 9.0 17 in 22% of patients at each time point, indicating sustained BBB disruption in a subpopulation of AD patients.
CSF-AI and vascular risk factors.
Vascular risk factors explained approximately 31% of the variability in CSF-AI (p ϭ 0.066). Systolic blood pressure was the most significant correlate (p ϭ 0.026) with a 1-unit increase in systolic blood pressure being asso-ciated with a 0.067-unit decrease in CSF-AI; however, this reverse association was due to one outlier with a low systolic blood pressure and a high albumin index. When this subject was removed from analysis, the blood pressure association with albumin was positive and insignificant. Additionally, both baseline MR-derived white matter (p ϭ 0.054) and body mass index (BMI) (p ϭ 0.083) were close to statistically significant. Both had positive trends with increased WMH and increased BMI being associated with increased CSF-AI. These associations were not influenced by the outlier discussed above.
Hachinski ischemia score (p ϭ 0.48) and age (p ϭ 0.63) were not associated with CSF-AI.
CSF-AI and intrathecal immunoglobulin levels.
The CSF IgG index, a measurement of intrathecal antibody synthesis, was not elevated in any patients (range ϭ 0.4 to 0.6, mean ϭ 0.46; Ͻ0.7 is considered normal) at any time point. 14 In the absence of significant intrathecal antibody synthesis, the CSF/serum ratio of IgG is expected to be dependent on the integrity of the BBB, as the majority of IgG is synthesized in the periphery. In keeping with this assumption, the CSF-AI was strongly correlated with the CSF/serum ratio of IgG (r 2 ϭ 0.94, p Ͻ 0.0001) ( figure 1B) .
CSF-AI, disease stage, and rate of degeneration. The variability in CSF-AI across patients was not explained by age (p ϭ 0.66), gender (p ϭ 0.19), or APOE 4 carrier status (p ϭ 0.60). Significant correlations between CSF-AI and baseline CDR and ventricle size were appreciated, but CSF-AI did not correlate with baseline MMSE or other brain volumes. However, multiple clinical and brain imaging indexes of rate of degeneration were correlated with CSF-AI, including rate of CDR-SOB change (r 2 ϭ 0.29, p ϭ 0.001), rate of MMSE change (r 2 ϭ 0.11, p ϭ 0.023), and rate of ventricle size increase (r 2 ϭ 0.17, p ϭ 0.007) (figure 2, A through C). Rates of MMSE (p ϭ 0.02) and CDR-SOB (p ϭ 0.005) change maintained correlation with CSF-AI after controlling for each respective baseline measure (e.g., rate of MMSE change vs CSF-AI controlled for MMSE baseline measure). After dichotomizing patients by BBB intact and impaired at baseline (CSF-AI cut-off of 9.0), differences were appreciated between rates of disease progression in the two groups (CDR-SOB p ϭ 0.013, ventricular volume p Ͻ 0.0001) ( figure 2D ).
Pathology. Brain autopsy was offered for all patients as part of their participation in the Oregon Alzheimer's Disease Center. Thirteen of the participants in this biomarker study came to brain autopsy: four with BBB impairment and nine with intact BBB, according to CSF-AI. All 13 patients met pathologic criteria for AD. None was pathologically diagnosed with vascular dementia.
DISCUSSION These data demonstrate that CSF-AI is a stable characteristic of patients with mild to moderate AD and is increased in an important minority of such patients. The functional significance of BBB integrity in AD is suggested by correlations with CSF/plasma IgG ratio and with rates of disease progression. We did not find a relationship between vascular risk and BBB impairment as others have reported, perhaps because this group of patients was selected to minimize the presence of cerebrovascular disease by virtue of a diagnosis of probable AD and a Hachinski ischemia score of Յ4. The imaging data provide further evidence against the hypothesis that BBB impairment in these patients is due to occult vascular disease. The available brain pathology also fails to find significant cerebrovascular disease in this subject population, regardless of BBB status. Although BBB impairment may indeed be more common in vascular dementia than in AD, 4 the relatively high prevalence of BBB impairment in these AD patients raises the possibility that BBB dysfunction may be more common in AD than is generally believed. If that is so, then the causes and consequences of BBB dysfunction in AD are of interest.
The cause remains speculative, although an effect of amyloid angiopathy on the BBB may be the most obvious candidate. None of these patients had clinically evident hemorrhages during follow-up. Brain MRI failed to disclose vascular complications of amyloid angiopathy, although MRI sequences appropriate for detecting remote microhemorrhages were not included. The subset of available neuropathology reports on this population further supports absence of significant hemorrhagic complications of amyloid angiopathy, although vascular amyloid was a common finding, as expected in most cases of AD. Amyloid angiopathy therefore remains a viable explanation for the BBB impairment seen in these patients, although the variation in BBB integrity was not obviously associated with variation in vascular amyloid. A less obvious (but equally plausible) contributor to BBB impairment in AD is high plasma homocysteine. Whereas the relationships between hyperhomocysteinemia and dementia are well established, a relationship between homocysteine and BBB impairment is less well known. One recent study of 30 patients with hyperhomocysteinemia and amnestic mild cognitive impairment demonstrated a significant elevation of CSF-AI in patients compared with 35 healthy control subjects. 18 As homocysteine is known to be toxic to vascular endothelial cells, the authors speculate that elevated homocysteine levels directly promote BBB impairment and tested this possibility by lowering hyperhomocysteinemia in the patients and then reassessing BBB status. Reducing homocysteine concentrations with B-vitamin therapy by approximately 50% significantly reduced CSF-AI by 11% over 9 months. 18 This report therefore suggests that hyperhomocysteinemia may perturb BBB integrity in AD.
The consequences of BBB dysfunction are also not entirely clear, and aside from these data, one could even construct scenarios under which BBB permeability might actually be beneficial for patients with AD. For example, BBB permeability might provide a pathway for ␤-amyloid clearance or might permit endogenous anti-amyloid antibody to enter the CNS. However, the data here argue that BBB impairment in AD is associated with adverse consequences, as increased degrees of BBB impairment are associated with increased rates of neurodegeneration. Whether this is a causal association or noncausal correlation cannot be determined from these data, but it is clear that the data do not show any clinical benefit from increased BBB permeability in AD.
In addition to effects on the natural history of AD, BBB dysfunction may also potentially modify responses to treatment with large molecules like immune globulin. Previous trials of active immunization were halted because of encephalitis in a small but significant minority of patients, 19 leading to current trials of passive immunization, which may be intrinsically safer. However, preliminary findings of MRI changes in AD patients receiving passive immunization show that even passive immunization may be risky. 20 Furthermore, if the complication of CNS inflammation in immune therapy trials could be linked to BBB integrity at baseline, then it might be possible to diminish this very serious risk of immunotherapy by screening patients with the CSF-AI and foregoing immunotherapy in patients with BBB impairment.
